Joel Mandelstam was a pioneer in using bacteria to study fundamental biological phenomenasuch as development, differentiation, and the turnover of macromolecules-which had more usually been investigated in higher organisms. He was born in south africa, but he came to london in 1947 to work for a Phd and spent the remainder of his working life in england. the latter part of his career (from 1966 until his retirement in 1987) was spent as Iveagh Professor of Chemical Microbiology at the University of oxford, where he built up a highly successful research group studying spore formation in bacteria. When spore-formers are starved, they divide to yield two cells of unequal size, each of which subsequently undergoes major changes in shape and chemical composition. these changes result in the development of the smaller cell into a heat-resistant spore, while the larger cell, having contributed essential components to its fellow, finally lyses and disappears. Mandelstam saw spore formation as a valuable model for both development and differentiation, and the many students, postdoctoral workers and visitors who worked with him during his tenure of the Professorship in oxford were witness to the creative imagination and the rigour with which he exploited this fruitful insight.
were disappointed when Joel, and later his younger brother, Charles, ceased in their teens to practise their religion, the sons' decision was never allowed to disturb the harmony of the family home.
When Joel was a schoolboy the family lived in Belgravia, a suburb of Johannesburg, and their house had a storeroom, which Joel turned into a laboratory and photographic dark-room. He was sent to Jeppe High school, where he learned latin and became an avid reader of literature and of history, art, psychology and politics, interests that remained with him all his life. It seems likely that the fluent and lucid prose style that is so evident in his scientific papers and reviews was developed at this time. His political views were firmly of the left, but he felt no sympathy for the Communist Party, which he saw as too closely allied with the soviet Union and stalin's abhorrent dictatorship.
after leaving Jeppe High school he attended the University of the Witwatersrand, where he read for an honours Bsc degree. He now found an opportunity of putting his egalitarian ideas into practice: together with a group of friends he opened a night school for adult africans who had had little or no formal education, and taught them, on a voluntary basis, reading, writing and the elements of mathematics. He thus showed by example that it was possible to improve the lives of disadvantaged groups in south african society without waiting for the Communist revolution.
after graduating from Witwatersrand in 1942, Mandelstam worked as a research assistant to dr Joseph Gilman at the Medical school in Johannesburg. sydney Brenner (FRs 1965), a younger contemporary of Mandelstam, has spoken about the strong intellectual influence that Gilman had on many of those who came into contact with him. He loved to discuss theoretical concepts in science and, being senior lecturer in Histology, he had a particular interest in embryology. Biochemistry and morphogenesis, by Joseph needham FRs, appeared in 1943, and Brenner has described how he and Gilman used to read it together and exchange ideas about differentiation. Mandelstam spent five years working in Gilman's laboratory, and it seems very likely that his interest in development and differentiation, which later found expression in his studies of bacterial sporulation, dates from that period.
He left Johannesburg for london in 1947, followed six months later by his parents and Charles. after a year or two leo and Fanny emigrated to Israel, where they remained until Fanny died in 1970 and leo in 1974. the two brothers shared a flat in ealing until Joel married in 1954 and moved to Hendon. With no close relatives left in south africa he had no particular reason to return there. It seems that the only occasion on which he subsequently visited the country was when he was invited, during the apartheid years, to give the keynote address at a conference in Pretoria and to speak at several south african universities. He turned down the invitation at first, and changed his mind only after he had been given assurances that he would be able to speak to non-segregated audiences. london Mandelstam's reason for coming to london was that he wished to work for a Phd with my father, John Yudkin. Yudkin had published in Biological Reviews an article (Yudkin 1938 ) that set out a theory of adaptive (that is, induced) enzyme formation, which he called the 'mass-action' theory. this suggested that in the living cell an enzyme is in equilibrium with its precursors; addition of the enzyme's substrate, which has a high affinity for the enzyme, would disturb the equilibrium and thus lead to the formation of additional enzyme. soon after publication of the article, World War II had broken out and Yudkin had been called up into the Royal army Medical Corps and so had had no opportunity of pursuing this work. But soon after the end of the war he was appointed to the Chair of Physiology at King's College of Household and social science (later to become Queen elizabeth College) at the University of london, and it was there that Mandelstam joined him.
Yudkin had pointed out in his Biological Reviews article that '[q]uantitative studies … should throw a great deal of light on the mechanism of enzyme formation', and in particular that the mass-action theory made clear predictions for the effect of substrate concentration both on the amount of enzyme produced and on the rate of enzyme formation. Mandelstam extended the mass-action concept into an ambitious scheme, covering enzymes, their (presumed) protein precursors and in addition the 'building blocks' of metabolism, the small molecules from which proteins are made and which are themselves the products of enzymic reactions (1)*. From this scheme he was able to derive kinetic equations for a number of measurable features of enzyme synthesis. He used two very different biological systems to test these-the arginase of rat liver and the galactose-fermenting enzymes of yeast-and found that the results in both systems were quantitatively in agreement with the predictions of mass-action theory (2, 3). However, he was careful to point out that this agreement by no means constituted proof of the theory, which was based on an idea-that proteins are in equilibrium with the amino acids from which they are made-which we now know to be completely erroneous.
Mandelstam settled easily into life in the UK. (Many years later he remarked that, although the weather when he disembarked in southampton was grey and wet, and postwar england drab and austere, he felt instantly at home in london in a way that he had never done in Johannesburg.) after completing his Phd he was appointed to a post at the national Institute for Medical Research, Mill Hill. Here he came into contact with Howard Rogers, who was engaged in pioneering work on bacterial cell walls, and the two of them collaborated on several investigations into the mucopeptide of staphylococci. But Mandelstam continued to be chiefly interested in regulatory mechanisms in the whole cell. naturally he appreciated the elegance and explanatory power of the investigations then being conducted by andré lwoff (ForMemRs 1958), François Jacob (ForMemRs 1973), Jacques Monod (ForMemRs 1968) and their collaborators at the Institut Pasteur in Paris, but at the same time he saw that many crucial questions in microbial biochemistry could best be answered through studies that went beyond the use of gratuitous inducers and exponentially growing cultures. although the theory that macromolecules are in equilibrium with their constituent amino acids or nucleotides had by now been abandoned, he became increasingly interested in the turnover of proteins and nucleic acids in bacteria and higher organisms, and in 1960 he wrote a wide-ranging review on the subject (6). His own studies had shown that in starving cultures of Escherichia coli protein was both degraded and resynthesized at the rate of about 5% per hour, and that in such cultures the archetypal induced enzyme, β-galactosidase, could be synthesized at a rapid rate-a result that led to the inference that in starvation 'bacteria are far more adaptable to changes in chemical environment than they would be if their proteins were stable' (4). this conclusion seems prophetic of his later interest in the phenomenon of bacterial sporulation.
Meanwhile, Mandelstam cleared up two significant confusions that had beset the field of microbial biochemistry in the late 1950s. First he disproved the belief that free amino acids * numbers in this form refer to the bibliography at the end of the text.
in bacteria could exchange with their corresponding amino-acid residues in proteins. this view had been based on the discovery that in some circumstances the incorporation of glycine or dl-glutamate into Staphylococcus aureus was resistant to chloramphenicol; Mandelstam showed that the incorporation of the amino acids was due to the synthesis of cell-wall material rather than, as had been supposed, of protein (5) . no less important was his demonstration that specific repression (for example by the lac repressor) could be clearly distinguished from the phenomenon that later became known as catabolite repression. He arrived at this conclusion by showing first that constitutive lacI − mutants of E. coli, which make β-galactosidase at a rapid rate, are as susceptible to catabolite repression as the inducible lacI + wild type, and secondly that catabolite repression cannot be reversed by the addition of a specific inducer of lac (7). the design of these elegant experiments, which were at the same time simple and definitive, was characteristic of his developing scientific style. oxford d. d. Woods FRs, Iveagh Professor of Chemical Microbiology in the University of oxford, died in 1964 at the early age of 52 years. the proceedings of the electoral Board that was charged with filling the chair were not straightforward. the Iveagh Professorship was one of the most prestigious posts in microbiology in the UK, and many potential candidates, including several from abroad, visited oxford and met with one or more of the electors. one of the electors had a particular candidate in mind and was determined to get the other members of the Board to accept his choice; when they failed to do so he resigned. the difficulty that the Board encountered in finding a replacement for Woods is illustrated by the fact that it took almost two years from the death of Woods for the chair to be filled. Finally one of the electors suggested that it be offered to Mandelstam, and the others agreed; it was an inspired choice.
Mandelstam had been at Mill Hill for more than a dozen years, had published outstanding research and seems to have found the conditions there to his liking. the offer of the Iveagh Professorship was not immediately appealing. He did not relish the thought of having to spend much time on administrative work, he did not see himself as a 'college man', and he had no appetite for university politics. However, he had already become interested in studying sporulation in the bacterium Bacillus subtilis, about which comparatively little was known, and he probably realized that progress would depend on assembling a significant number of co-workers who could establish relatively quickly the basic facts about the biochemistry and morphology of the process. to do so would need more resources, and above all more space, than would have been available to him at Mill Hill. the considerations seemed finely balanced, and he hesitated before accepting the electors' offer. In the end, though, he allowed himself to be persuaded that the advantages of having a substantial research group of his own outweighed the risks of being submerged in activities he disliked. He arrived in oxford in october 1966 and started to build up a laboratory in the Microbiology Unit of the department of Biochemistry that was to make fundamental contributions to our understanding of sporulation. the phenomenon of sporulation had been known since 1877, when Heinrich Koch ForMemRs showed that the rod-shaped bacilli that cause anthrax, and the spherical, heatresistant spores that can be recovered from cultures of the bacilli, are interconvertible forms of the same bacterium. By the time that Mandelstam began his work on spores, the sequence of morphological changes that the bacilli undergo during sporulation had been described and photographed in a classical series of electron-microscopic studies by antoinette Ryter and her collaborators, and had been used to define the morphological 'stages' of sporulation. But relatively little was known of the biochemical events that accompany the physical changes. Mandelstam realized that a fuller description of these biochemical changes was a prerequisite to any detailed study of sporulation: to follow the progress of sporulation by subjecting the bacteria to electron microscopy in every experiment would be impossibly cumbersome. thus, early efforts in the oxford laboratory were devoted to establishing a time scale for the morphological changes of sporulation and correlating these with the appearance of an extensive set of biochemical products. Mandelstam was fortunate in recruiting a group of talented students and postdoctoral fellows and in forming a collaboration with the electron microscopist desmond Kay (who worked at the nearby dunn school of Pathology), and research describing the link between the physical and the biochemical sequence of events in spore formation progressed rapidly. Mandelstam henceforth referred to the biochemical changes as 'marker events', meaning events that could be measured relatively easily in the laboratory to determine how sporulation was proceeding (see figure 1). From the beginning he was clear that what is important about sporulation is that it is a simple, and relatively tractable, example of both development (in that the sporangium follows a defined series of morphological changes) and differentiation (in that the spore contains a complete copy of the genome but differs in size, shape and biochemical constituents from the cell in which it is generated).
not long after arriving in oxford, Mandelstam published an article called 'Recurring patterns during development in primitive organisms' for a symposium of the society for experimental Biology on 'Control mechanisms of growth and differentiation' (12). In a masterly introduction he wrote, 'Cultures in a state of exponential growth are the stockin-trade of the experimental microbiologist. … It is easy to forget that, in the natural state, periods of exponential growth must be rare and short and that most of the time most bacteria are in a state of partial or total starvation.' Here sporulation was placed firmly within the context of responses to adverse conditions, with the paper ranging widely over organisms as diverse as E. coli, Pseudomonas, Bacillus, yeasts and slime moulds. What these have in common is that starvation leads to turnover of protein and Rna, and it is this turnover that allows the organism to make fundamental changes in its content of enzymes. the breadth of vision of the paper makes it clear that Mandelstam had chosen sporulation not only for its own interest but also as a model system for the study of the most fundamental of biological phenomena.
In studying spore formation, researchers had usually grown cultures of B. subtilis on limiting concentrations of glucose, so that sporulation was initiated when the glucose became exhausted, but this procedure had the disadvantage that a precise time for initiation could not be established. Mandelstam used an exhaustion medium of this type for some of his early experiments but later settled on a procedure in which cultures of growing bacteria were centrifuged and resuspended in a new medium with a poor carbon source; the moment of resuspension counted as the time of initiation (t 0 ) (9) . (In later years Mandelstam occasionally said that he feared he would be remembered only for this paper, which described a method that came to be widely adopted.) this important change made experiments on the progress of sporulation more reliable and more reproducible. no less important was the decision to collect several derivatives from mutagenized cultures of B. subtilis, altered (apparently specifically) in their ability to produce spores. these spo − mutants turned out to be blocked at particular stages of sporulation-that is to say, with the exception of several that were unable even to initiate sporulation, they travelled a certain distance along the sporulation sequence and then came to a halt at a defined developmental point. a paper that Mandelstam wrote with William Waites, desmond Kay, Ian dawes, david Wood and steven Warren (10) showed that each mutant that was blocked at a given morphological stage was also blocked at the equivalent biochemical stage; for example mutant e22, which exhibited none of the morphological changes of sporulation (and was therefore classified as a stage 0 mutant) also exhibited none of the biochemical changes, whereas mutant n25, which was halted morphologically at stage II, produced the enzymes associated with the earlier stages but not those associated with stage II. two conclusions seemed to follow: first, the sequence of events that characterize sporulation is dependent-that is, an event that normally takes place later in the sequence will not occur unless earlier events have been completed satisfactorily-and second, the biochemical markers being studied were probably true manifestations of sporulation rather than adventitious responses to the semi-starvation conditions. a closer look at the results of Waites et al. showed that different mutations that blocked the developmental sequence at a given stage could sometimes have slightly different phenotypes. For example, of the five stage II mutants studied, three (including n25) failed to synthesize alkaline phosphatase, a characteristic stage II enzyme, but the two others made alkaline phosphatase in close to wild-type quantities. these results suggested that blocks in sporulation at a given morphological stage can be produced by mutations in different loci. Mandelstam now realized the importance of investigating the genetics of sporulation in detail, and he asked Patrick Piggot, who had by that time joined his laboratory, and John Coote, who arrived a year later, to concentrate on genetic studies. Piggot (1973) set out to map the laboratory's collection of spo mutations. His results confirmed that each stage of sporulation involves several loci, often widely separated on the chromosome; they also suggested that although at least 28 spo gene clusters (operons) existed, these were probably activated sequentially in groups, so that the number of steps in the dependent sequence would be smaller than the total number of operons. an ingenious study on the isolation and mapping of new mutants, which used statistical methods to estimate the total number of spo operons in the B. subtilis chromosome, suggested, within 68% confidence limits, that this number probably would not exceed 59 (16) . Meanwhile Coote (15) constructed a series of strains with two different spo mutations. the phenotype of such a doubly mutant strain was generally that of the parent with the earlier block; thus a spo0 spoII strain was similar in phenotype to a spo0 strain. these results provided further evidence in favour of the idea of a dependent sequence: a spo0 spoII double mutant would be unable to pass stage 0 and so would never reach stage II. Coote also made strains containing two mutations that blocked the sequence at the same morphological stage and found that in a strain containing one spoII mutation that allowed the synthesis of alkaline phosphatase and another that prevented it, the phenotype was that of the latter-suggesting that within stage II the synthesis of alkaline phosphatase was a relatively late event.
another question that attracted Mandelstam's attention during these years was whether sporulation could be induced (just as, for example, the lac enzymes of E. coli can be induced) at any time, or whether it could be initiated only at a given point in the division cycle. the latter idea seemed the more likely-particularly because it was clear to Mandelstam that the asymmetric division that characterizes stage II was a modification of a normal vegetative division-and several different types of experiment were devised to test it. dawes used chemostat cultures with multistep changes in dilution rates, obtaining results that indicated that the initiation of sporulation is probably confined to a particular point in the cell division cycle (11) . dawes and Kay (13) found that in a sporulating culture sister cells were almost always at the same stage of spore development; this result suggested that the stimulus to sporulate (namely starvation) had to be applied while the dna was undergoing its final replication, with the cell then dividing to give two sister cells that would sporulate in unison. Research with Janet sterlini and Kay (14) , using thymine-requiring mutants to study the relationship between sporulation and chromosome replication, came to the same conclusion, and a study with sonia Higgs involving synchronized chromosome replication showed that the capacity to initiate sporulation is at a maximum if cells are transferred to a poor medium about 15 minutes after replication begins (17) . a few years later, alex Keynan (a sabbatical visitor from the Hebrew University), adrian Berns, Graham dunn and Mike Young conducted experiments with spores that had been germinated and then resubjected at various times to sporulation conditions. the results of these 'microcycle' experiments again indicated that sporulation can 'only be induced at a specific stage of chromosome replication, and then only if cells are in step-down' (19) . once this point had been conclusively proved, it could be used to distinguish events that genuinely belonged to the sporulation sequence from those that merely accompanied it (23) .
In the mid 1970s Mandelstam was asked by the British Council to help encourage the development of microbiology at the recently founded University of Madurai in tamil nadu, south India. He visited the university, was interested in the work he saw, and arranged to send Young, one of his postdoctoral fellows, to mentor Madurai students in research methods. Meanwhile, Mandelstam looked for a project that would be of significance to the economy of tamil nadu and to which his own laboratory could also contribute. one of the most important crops of both tamil nadu and the neighbouring state of Kerala is coconut palm, but it is subject to devastating attack by the scarab beetle Oryctes rhinoceros. some decades earlier it had been shown at the Us department of agriculture's laboratories in Peoria, Illinois, that a related beetle, Popillia japonica, could be effectively controlled by the application of spores of a host-specific bacillus. Mandelstam envisaged a joint project between Madurai and oxford in which the Indian laboratory could search for a strain of Bacillus popilliae that would be specific to O. rhinoceros, while the oxford laboratory would develop conditions for cultivating and sporulating B. popilliae and then for maximizing the yield of spores. He asked another of his postdoctoral fellows, Brian dancer, to take on the project, and dancer spent two periods of several weeks in Madurai and a fortnight learning specialized techniques in Peoria, Illinois. on returning to oxford, dancer worked assiduously on this project for some time but found it impossible to obtain reliable sporulation in vitro of the fastidious B. popilliae, and eventually the project had to be abandoned.
Mandelstam's leeuwenhoek lecture (18), which was delivered in 1975, provides an insight into the way that he was thinking about sporulation at that time. For him it was above all 'a developmental system that is susceptible to analysis in terms of modern biochemistry', and the questions that could be asked of it were 'relevant not only to developmental systems but to others, such as cell division, in which there is some gross morphological change that might conceivably be reducible to biophysical and biochemical terms.' several of these questions had already been subjected to intensive study in his laboratory-for example: What are the biochemical events that are specifically linked with the morphologically identifiable stages of the sporulation process? Is the induction of sporulation related to the cell division cycle? What is the complexity of the system? How many genes determine the process, and what is the number of operons? How many sequential steps are involved? In the dozen years that remained before Mandelstam's retirement his laboratory would provide fuller and more precise answers to these questions and would also make an important contribution towards replying to the final question that he posed in his leeuwenhoek lecture: What determines the biochemical nature of the time sequence?
In the lecture Mandelstam considered two models that might explain the time sequence in molecular terms. (He mentioned a third, but cited enough evidence to enable it to be discounted.) the 'Rna polymerase' model suggested that the developmental sequence was determined by successive alterations in the Rna polymerase. this had the drawback that it would require a change in Rna polymerase for every one of the 20 or more sequential steps. this 'seem[ed] a priori improbable and there [was] no evidence for it at present.' However, wrote Mandelstam, changes in the Rna polymerase 'may explain some of the events that take place after induction', although it was 'highly unlikely that they will prove to be of the degree of complexity that would be demanded if they were to account for the whole of the temporal sequence.' He preferred a model that he termed 'sequential induction'. (He may have been influenced in favour of sequential induction by studies he had conducted earlier on the degradation of mandelate by Pseudomonas fluorescens, in which groups of enzymes in the pathway are induced successively, over the course of about an hour, by the products of previous enzymes (8) .) the sequential induction model postulates a series of sporulation-specific operons, which one could write as o 1 G 1 G 2 G 3 , o 2 G 4 G 5 G 6 , o 3 G 7 G 8 G 9 , and so on. Growing cells do not sporulate, because the first sporulation-specific operon is subject to repression by some component of the normal growth medium (in a way that is akin to catabolite repression). But when the operon is activated, the product of one of its genes (say, G 1 ) is responsible for activating the next operon; in turn the product of a gene in the second operon (say, G 4 ) is responsible for activating the third operon, and so on. other products of the operons (say, the proteins encoded by G 2 , G 5 and G 8 ) are involved in the morphological changes of sporulation, and yet others (say, the proteins encoded by G 3 , G 6 and G 9 ) are responsible for the biochemical marker events associated with these changes. Mandelstam acknowledged that this scheme was 'probably oversimplified', but it provided an important impetus to the work in his laboratory for the remainder of his time in the Microbiology Unit.
at about this point, some laboratory results began to suggest that the dependent sequence was more complex than it had at first appeared. Coote's experiments (15) had shown that for the most part a double mutant exhibited the phenotype of that one of its single-mutant parents that was blocked earlier in sporulation (see above). But occasionally a more puzzling result was obtained. For example, a strain containing two mutations each of which blocked sporulation at stage IV turned out to have the phenotype of a stage III mutant. a possible interpretation was that the dependent sequence was not linear throughout sporulation but instead, at later stages, included two branches. If there were indeed two branches one might guess that, after stage II had been passed, one branch was operating in the developing spore and the other in the mother cell. subsequently Piggot and his collaborator Herminia de lencastre devised a genetic method for determining where a given spo gene was expressed, and showed that for many of the later genes one could derive an unequivocal location (de lencastre & Piggot 1979) . the way in which expression of the genes was found, through the application of this method, to be distributed between the developing spore and the mother cell proved to be consistent with the proposal that gene expression was compartmentalized, with distinct dependent pathways of gene expression in the two compartments.
Work in the laboratory had so far tended to concentrate on the earlier half of the sporulation sequence, but Mandelstam's focus gradually shifted so as to include later events too. a paper with Howard Jenkinson and Kay (22) explored the acquisition of resistance to heat and resistance to organic solvents that appear sequentially between 4 and 8 hours after sporulation has been initiated (t 4 to t 8 ). these resistance properties were found to develop even when chloramphenicol was added to a culture at t 4.5 , showing that they depended on the self-assembly in the maturing spore of proteins that had been synthesized considerably earlier. Furthermore, as was shown in a paper published with Patrice dion, during the latter half of spore development (between t 5 and t 8 ) the spore acquired its reaction to germinants. thus the development of the various germination properties is a feature of sporulation and should be considered as a late marker event (21) . a review written by Young and Mandelstam gives an excellent overview of the work in the spores Group up to 1979 (20) . the introduction of recombinant dna techniques had a major impact on the work in Mandelstam's laboratory during his final years in the Microbiology Unit. In 1983 Jenkinson showed that derivatives of the transducing phage ϕ105 could be used to lysogenize B. subtilis in such a way as to complement mutations in lys or spoIIIB (24) . this vector system was perfected by Jeff errington (FRs 2003) , who joined the laboratory in 1981, and it provided access to almost the complete set of spo genes and led in due course to a systematic examination of their dna sequences. sequence comparisons, at the level of either dna or presumed translation products, could often give an indication of the function of a spo gene. errington (1986) went on to develop a technique for fusing the lacZ gene of E. coli to any chromosomal gene in B. subtilis, and this technique when applied to spo genes proved to be extremely fruitful. In such a fusion, the expression of the spo gene gives rise to the synthesis of β-galactosidase, an enzyme that can be measured with great precision even in small quantities, so that the time of expression can be accurately determined. Furthermore, after the prespore has been formed the cells can be broken and the prespore separated from the mother cell, and one can then discover in which compartment the enzyme is located. to study dependence of the cloned gene on another spo gene, one need only transfer the fusion to a strain carrying a known spo mutation and see whether β-galactosidase is synthesized in the mutant strain. Moreover, by comparing the timing of expression of a spo gene as measured by the appearance of β-galactosidase with the timing as measured by the appearance of Rna that hybridizes with the corresponding dna, one can determine whether there is any delay in translation of the mRna; such a delay would give an indication of putative translational regulation.
at the time of Mandelstam's retirement in 1987, work in his laboratory and elsewhere had greatly clarified the number of components in the dependent sequence and had shown that the sequence was, in its later stages, not linear. some 50 spo operons had been discovered. the timing of expression had been determined for many of these, and in no case had there been any indication of regulation at the level of translation. all the spo genes subsequent to stage 0 had been shown to be dependent on the integrity of all of the spo0 genes (which were by now known to be expressed in vegetative cells and to have more general functions than simply regulating sporulation), and the late stage II genes spoIID and spoIIG had been found to be dependent on spoIIA, spoIIG and spoIIE. It turned out that thereafter the dependent sequence branches: one sequence continues in the pre-spore through three early genes to three later ones, whereas the other continues in the mother cell through genes expressed soon after asymmetric septation to several expressed at stage III; subsequently a second branching in the mother cell leads to two separate subsequences of late genes. It was clear, however, that there is extensive interaction between the mother cell and the prespore and that the completion of a normal spore depends on contributions from both compartments. Much of this work is summarized in an exceptionally interesting review by errington and Mandelstam (25) . studying the publications from the laboratory between the years 1986 and 1988, one is struck by the fact that several of the questions that Mandelstam was then asking about sporulation are the same as those he had formulated in the leeuwenhoek lecture in 1975. that the questions were still relevant is a tribute to his foresight a dozen years earlier. that many of them were, by the end of his career in experimental science, close to being answered is a tribute to his skill in deploying appropriate experimental techniques, his capacity to choose able postdoctoral fellows and students (he liked to introduce into his group people of diverse backgrounds who could bring fresh insights to the work), and his ability to remain focused on the matter in hand. and the remarkable productivity of the group in its final months is nowhere better illustrated than in Journal of General Microbiology of november 1986, where the paper by errington describing his method for fusing lacZ to B. subtilis chromosomal genes is followed by no fewer than seven papers co-authored by Mandelstam.
Having retired from the Iveagh Chair, Mandelstam worked briefly in the dunn school of Pathology, at the invitation of Henry (now sir Henry) Harris FRs, then head of the department. after he stopped laboratory work he had time to develop many of his other interests, including the history of the exploration of africa, a subject that had long fascinated him. (He was very fond of old maps, and had a small but significant collection.) In 1994 he published a lengthy and highly readable essay on the explorer Paul du Chaillu (1835-1903), who had travelled widely in equatorial africa and whose publication Exploration and Adventure in Equatorial Africa had excited great controversy, with some scholars praising the work as original and important and others regarding it as little more than charlatanry. He also planned to write a biography of William Winwood Reade (1838-75), the author of The Martyrdom of Man, but eventually concluded that he could not find enough primary material to make such a project possible. later in his retirement, when fewer academic demands were made on him, he found more opportunities for travel-particularly walking holidays-with his second wife, Maureen dale. although they had no children together, it was a pleasure for both of them to spend time with the son and daughter of his earlier marriage to dorothy Hillier, and with his grandchildren. In the last few years of his life he became increasingly infirm and was troubled by deafness, but his mind remained as acute as ever, and he enjoyed visits from old colleagues and conversations on all manner of subjects. Maureen cared for him devotedly and untiringly until his death at home in oxford on 20 december 2008.
Personal characteristics
Joel Mandelstam was soft-spoken and reserved. loud parties were not for him, nor was he to be seen propping up the bar at a conference. He was not much interested in the affairs of oxford colleges, and he did not care to play politics in the University; thus on the rare occasions when he did make a contribution at meetings of the Faculty Board he was listened to with attention by his colleagues, who recognized that he was speaking disinterestedly. But he was friendly, always available to the members of the Microbiology Unit and unfailingly courteous, and he was liked and admired by his students and postdoctoral workers-loved is not too strong a word to describe the feelings of some of them. I have received from them many stories of his personal kindness; they demonstrate a generosity of spirit, a tolerance of human diversity and of minor imperfections, and a respect for autonomy. Many papers appeared from his laboratory to which, because he wished the undiluted credit to go to his junior associates, he did not add his name, often in spite of being urged to do so. a postdoctoral worker who found laboratory work not to his liking received valuable support when he decided to retrain as a statistician. a former student writes: as a supervisor, Joel was exemplary. In my first few months, he would make a point of appearing very casually at my bench every afternoon to ask in the gentlest possible way how things were going. once he was quite satisfied that one was managing the work, he'd make his visits rather more occasionally. However, he never lost touch with the project, and would expect weekly verbal and termly written reports until the thesis was practically written. He managed to provide just the right amount of direction when one needed it, and yet let one get on and start on an idea of one's own if he thought it would go somewhere.
But none of this implies that Mandelstam was a soft touch or that he lacked steel. Here is a note from another of his postdoctoral workers:
He emphasised the need for rigorous planning of lab work and the importance of expressing yourself accurately and concisely on paper to avoid what he termed 'sloppy thinking'. He did indeed give you free rein to come up with ideas and pursue them experimentally, but if he considered them not to be answering the question he would pull you up and say quite bluntly that he considered the approach unsuitable. and a keen amateur footballer and cricketer whose work had strayed from the main topic was told by Mandelstam (who had not the least interest in sport) that he should 'keep his eye on the ball'. Mandelstam's approach to the training of his students and postdoctoral workers was extraordinarily successful: an informal (and very probably incomplete) survey shows that 17 of them went on to establish academic careers of their own.
Personal reserve is not the same as timidity, and Mandelstam was far from timid. He did not publish his work until adequate repetition of the experiments, rigorous thinking and scrupulous attention to controls had made him sure of the results. But once they were published he had the confidence to stand by them, even if they contradicted the received wisdom of the time. this was not because he delighted in opposition; it was not his wish to declaim contrarian views from the rooftops. When he discovered that bacterial proteins undergo significant turnover, contrary to the opinion of Jacques Monod among others, some of his colleagues urged him to discuss the matter with Monod in public. He declined, not because he was unwilling to take on an eminent colleague but because he saw no point: he had published his work, and it spoke for itself. He had more respect for the results of experiments than for the fame of scientists: however illustrious the latter might be they could still be wrong, but experiments never lied. If the publication of unfashionable conclusions disadvantaged him personally (his election to the Royal society was delayed for some years because his experiments disproved a favourite theory of an influential Fellow), so be it: truth was more important than reputation. In Joel Mandelstam intellectual brilliance was tempered by courtesy, reserve and a genuine interest in the opinions of others, and blended with a just sense of his own worth. It was a winning combination.
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